The surface electronic band structure of the Be(101 0) surface is experimentally determined by angleresolved photoemission and calculated by using density-functional theory. The experimental results agree well with the calculations, except for the fact that we were only able to resolve three surface states in the gap at L , instead of four as predicted by the calculations. Through the temperature-dependent study, the phonon contribution subtracted width (ប times inverse lifetime͒ of the shallow surface state at Ā is found to be 51 Ϯ8 meV. This is compared with the electron-electron interaction contribution to the width ͑53 meV͒ of the shallow surface state at Ā obtained from model potential calculations.
I. INTRODUCTION
There has been a continued interest both experimentally and theoretically in studying the surfaces of Be. Bulk Be is a semimetal with very low electron density of states ͑DOS͒ at the Fermi level, E F . However, the two low index surfaces, namely, the ͑0001͒ and the (101 0) have surface DOS at E F about 3-4 times larger than their bulk DOS at E F making the surfaces metallic. This is due to the large number of surface states that exist at these two surfaces. [1] [2] [3] [4] [5] [6] [7] Many of the interesting properties observed at these two surfaces are closely linked to the existence of these surface states. Some examples are large Friedel oscillations, 9 ,10 large surface corelevel shifts, [11] [12] [13] [14] [15] and an enhanced electron-phonon mass enhancement parameter at the surface compared to bulk. 16 -20 A complete mapping of all the surface states is thus important. For Be͑0001͒, the mapping of the surface electronic states by angle-resolved photoemission spectroscopy ͑ARPES͒ ͑Refs. 1 and 2͒ is in good agreement with the theoretical calculations. [3] [4] [5] However, for Be(101 0) this is not the case.
The Be(101 0) surface can have two terminations, short and long. The surface electronic structure of these two terminations are different. 6, 7 The results of an earlier ARPES experiment clearly indicated that the short termination is preferred to the long. 7 The previous theoretical study predicted six occupied surface states 6, 7 and out of these four were observed and two surface states at the L point were not observed. 7 Unoccupied states with an impact on imagepotential states have also been recently investigated theoretically at the ⌫ point. 21 In this paper we report ARPES experimental mapping of the surface electronic band structure of Be(101 0) along with improved calculations of these states. We also study here the electron-electron and the electron-phonon contributions to the inverse lifetime ͑linewidth͒, Ϫ1 , of the shallow surface state at the Ā point ͑there are two occupied surface states at Ā ; we use the nomenclature shallow for the surface state close to E F ). This surface state was chosen as it is the most interesting state owing to the fact that it is localized mainly in the surface layer, crosses the Fermi level, and determines high DOS at E F on Be(101 0). 6, 7 We report a model potential calculation of the electron-electron contribution to Ϫ1 and experimentally determine the electron-phonon contribution from a temperature-dependent study of the surface state. By subtracting the electron-phonon contribution from the total width we obtain the electron-electron plus the electronimpurity interaction contribution to the hole lifetime and compare it with the calculated result. This paper is organized as follows. In Sec. II, details of the experimental setup are presented. In Sec. III, we present the calculation method for the surface band structure. The ARPES determination of the surface band structure is presented in Sec. IV. The results of the calculations are presented in Sec. V. Apart from the surface band structure along ⌫ -M , ⌫ -Ā , Ā -L , and L -M , the present calculations also include the surface states along the ⌫ -L direction. The main difference between the results of the earlier and the present calculations are ͑1͒ there are four surface states at L instead of two as reported by the earlier calculations, and ͑2͒ there are two surface states at M instead of one as predicted earlier. Apart from the fact that we were able to resolve experimentally only three surface states at L , the measured results agree well with the calculations. In Sec. VI, we present model potential calculations of the electron-electron contribution to the lifetime of the shallow surface state at Ā . The calculations give the electron-electron contribution to be 53 meV. Experimental determination of the electron-phonon and the electron-electron plus electron-impurity contribution to the lifetime through a temperature-dependent study of the width of the surface state at Ā is presented in Sec. VII. The zero-temperature extrapolated electron-phonon contribution is 84 meV, the electron-electron plus the electron-impurity contribution is 51Ϯ8 meV. Finally the conclusions are presented in Sec. VIII.
II. EXPERIMENTAL DETAILS
The experiments were performed at beamline 33, at the MAX-I synchrotron-radiation facility in Lund, Sweden. The beamline is equipped with a spherical grating monochromator ͑SGM͒ 22 and a Vacuum Generators ͑VG͒ end station equipped with a variable angular resolution VG 75-mm electron analyzer. 23 The incident angle was set to 45°in the horizontal plane. The angular resolution unless otherwise specified was set to Ϯ2°. The total-energy resolution of the photons plus the analyzer varied between 60 and 100 meV for photon energy in the range of 21.2 eV to 70 eV. The Be(101 0) single crystal was mounted on a 0.2-mm tungsten wire. This wire was also used for heating the crystal. The crystal was cleaned by repeated Ne ϩ sputter and anneal cycles. For the temperature-dependence study, the heating current was pulsed at 1 kHz with a 20% duty cycle and the electron counting was disabled when the heating current was on. During the temperature-dependent studies, the temperature of the sample was stable to within 5°C. The surface order was checked with low-energy electron diffraction ͑LEED͒ which showed a rectangular 1ϫ1 pattern typical of the Be(101 0) surface.
For determining the surface states and their dispersions along ⌫ -Ā , ⌫ -M , or ⌫ -L , the sample was oriented with LEED such that the direction scanned is in the horizontal plane. For determining the surface states and their dispersions along Ā -L (M -L ), the sample was first oriented such that ⌫ -M (⌫ -Ā ) was in the horizontal plane. The analyzer was then moved to Ā (M ) corresponding to the state under investigation and the dispersion along Ā -L (M -L ) was determined by moving the analyzer in the horizontal plane. All the spectra for mapping of the surface band structure were taken at room temperature.
III. CALCULATION METHOD
Our first-principles calculations are based on densityfunctional theory with the local-density approximation for exchange and correlation. 24 A model of thin films periodically repeated in the direction perpendicular to the surface and separated by vacuum intervals is employed. The (101 0) surface of hcp metals can be terminated with either short or long first interlayer spacing. Clear preference for the short first interlayer spacing termination of Be(101 0) has been found both experimentally and theoretically. 7, 8 Therefore this surface geometry is used in the present study. Calculations have been performed with the use of films consisting of 24 atomic layers and separated by vacuum intervals corresponding to 12 atomic layers. For two outer atomic layer spacings on each side of the slabs we use the relaxed atomic plane positions, obtained in Ref. 21 . In that geometry the first interlayer spacing is contracted by 19% and the second one is expanded by 8%, which is in good agreement with experimental and other theoretical results for corresponding interlayer spacings. 7, 8 The norm-conserving nonlocal ion pseudopotential of Be was generated according to Refs. 25 and 26. The electron wave functions were expanded in a set of plane waves up to a kinetic-energy cutoff of 16 Ry. This basis provides the convergence of calculated one-electron energies better then 0.1 eV. The Brillouin-zone ͑BZ͒ integrations were performed with the use of a 64-point grid in the irreducible quarter of the surface BZ.
IV. SURFACE ELECTRONIC BAND STRUCTURE: EXPERIMENT
Photon energy scans at all surface BZ symmetry points were performed to determine the surface states. One such set of spectra taken at the L point is shown in Fig. 1 . In contrast to the previous experimental study 7 three states are clearly seen in Fig. 1 and furthermore the binding energy of these states does not change with photon energy. The binding energies of these three states at the L point are 2.45 eV, 2.8 eV, and 3.4 eV. These states are also sensitive to contamination and fall in the theoretically calculated bulk band gap that has a bottom at 3.6 eV.
Angular scans were done along all symmetry directions to determine the surface band structure. The scans were done at បϭ22 eV, 26 eV, 30 eV, 34 eV, 38 eV, 60 eV, and 70 eV. A typical set of spectra of angular scans along ⌫ -L taken with a photon energy of 34 eV and with energy and angular resolution of 80 meV and Ϯ2°, respectively, is shown in Fig.  2 . In Fig. 1 and Fig. 2 one can notice small peaks above the uppermost surface state at the L point. These peaks do not disperse much with k ʈ . We believe that these small peaks are related to impurities/defects in the sample band structure. In Table I , we present the binding energy of the surface states from experiments and from the calculations at all the symmetry points and at the midpoint along the ⌫ -L direction. The main difference between the experimentally determined and the calculated surface band structures is that we were able to resolve only three surface states at L instead of four with binding energies of 2.4 eV, 2.8 eV, 3.4 eV, and 3.5 eV as predicted by the theory. We also took some roomtemperature spectra at the L point with energy resolution of 40 meV and an angular resolution of Ϯ0.4°. We were still not able to resolve the fourth state. The reason for our inability to resolve the two deeper surface states at L is most likely due to the fact that the widths are larger than the peak separation. Calculations predict a difference of 100 meV between the binding energies of the third and the fourth surface states at L and the experimentally observed width is about 250 meV. The other small but notable discrepancy between the experimental and calculated results is the binding energy of the uppermost surface-state branch along ⌫ -L . Calculations predict the minimum binding energy of this state to be 0.7 eV whereas the experimental value is 0.5 eV. Apart from these differences the agreement between the theory and the experiment is quite good.
V. SURFACE ELECTRONIC BAND STRUCTURE: THEORY
As one can appreciate from Fig. 3 , the present calculation gives more surface states for Be(101 0) than the previous theoretical studies. 6, 7 It is explained by the fact that we now use a significantly thicker film 6 and a slightly less severe criterion for the definition of surface states. 7 In particular, we ascribe to surface states all electron states which are localized in the first four atomic layers and decay rapidly into the bulk. This criterion was also used to obtain theoretically all the surface states observed experimentally on Be͑0001͒. 3 An occupied surface state with a binding energy of 3.98 eV is obtained in the symmetry gap at ⌫ . 27 This is a typical dangling-bond state of the s-p z symmetry. In the vicinity of The two upper surface states found also in Refs. 6 and 7 are mainly localized in the vicinity of the two outer atomic layers 6 while the two lower states, first obtained in the present study, have the charge-density maximum localized between the third and fourth atomic layers. All of these states are of p x ,p y symmetry. To our knowledge no other metallic surface has four occupied surface states in a single gap. As in Refs. 6 and 7 the present calculation gives two occupied surface states at the Ā point. The upper surface state has a binding energy of 0.46 eV which is in agreement with other experimental and theoretical data. 7, 20 This state is characterized by s-p z symmetry. The lower surface state has a binding energy of 2.7 eV and the orbital composition of the state is determined by a p y contribution. In the Ā -⌫ direction this state loses its surface character just beyond the energy gap.
VI. ELECTRON-ELECTRON CONTRIBUTION TO THE INVERSE LIFETIME: THEORY
The Ā shallow surface state being located in the middle of the energy gap is characterized by s-p z symmetry. It is known that the charge density of the s-p z surface states on metal surfaces have a relatively small variation in the plane parallel to the surface. 3,6,28 -30 These states can therefore be treated with reasonable accuracy by using a model potential that varies in the z direction perpendicular to the surface and is constant in the plane parallel to the surface. In the present calculations of the inverse lifetime ͑decay rate͒ of the surface-state hole we use a model potential proposed in Ref.
31 that contains four independent parameters. Two of these parameters reproduce the energy-gap width and position. The other two reproduce the binding energy of the surface state and the first image-potential state at the ⌫ point. It was shown that this potential gives surface and image state wave functions that are in good agreement with those obtained from ab initio calculations. [31] [32] [33] [34] The evaluated decay rate of the s-p z surface-state hole on Be͑0001͒ and on the ͑111͒ noble-metal surfaces was found to be in good agreement with recent scanning tunneling spectroscopy and photoemission measurements. 34 -36 Here we construct the model potential that accurately describes the electronic structure details at the Ā point which are important for the description of the hole dynamics at the Ā point. The first three details that the model potential reproduces are the width and position of the energy gap at Ā obtained from our ab initio calculation of the projection of bulk electron states and the measured binding energy of 0.415 eV of the shallow surface state. The fourth independent parameter is used to fix the image-plane position at 2.2 a.u. beyond the surface-atomic layer. A similar position was also obtained for the image plane on the close-packed Be͑0001͒ surface. We do not include in the description of the electronic structure the Ā lower surface state since this state does not contribute to the decay rate of the shallow state hole. In contrast to previously studied metal surfaces [31] [32] [33] [34] [35] [36] with only one interlayer spacing parameter, the Be(101 0) slab has two interlayer spacing parameters, d 1 and d 2 with d 2 ϭ2d 1 . In order to avoid this complication we chose a single interlayer spacing value which enables us to reproduce the bulk electron-density parameter r s ϭ1.87 a.u. By using the eigenvalues and eigenfunctions of the model potential, we performed the self-consistent calculations of the screened Coulomb interaction, the self-energy, and, finally, the Ā surface state decay rate along the lines of Refs. 32-34. The quasiparticle self-energy, ⌺, was computed with the GW approximation of many-body theory, 37, 38 retaining the first term in the series expansion of ⌺ in terms of the screened Coulomb interaction W. We also replace the full Green function G by the noninteracting Green function. In order to take into account the effect of the surface corrugation on the inverse lifetime of the Ā surface state hole we use the experimental effective mass m*ϭ1.37 of the surface state averaged over two symmetry directions, Ā -⌫ and Ā -L . With this the selfenergy calculation gives Ϫ1 ϭ53 meV. This includes all the interband transitions from bulk states as well as the intraband transitions within the surface-state band. The intraband transitions completely dominate the decay rate giving 52 meV and the interband transitions account for only 2% ͑1 meV͒ of the full Ϫ1 . These results are comparable with those found for the surface state at the ⌫ point on Be͑0001͒ ͑Refs. 35 and 36͒ and on the ͑111͒ noble-metal surfaces, 34, 36 where the intraband transitions account for ϳ85% of the full decay rate. In contrast to Be(101 0), on these surfaces the ⌫ surface state is located at the bottom of the energy gap not far from the lower energy-gap edge. Such a position of the surface state leads to two effects: ͑1͒ increasing the bulk states contribution through the smaller momentum transfer that corresponds to the interband transitions, and ͑2͒ decreasing the surfacestate contribution ͑intraband transitions͒ through the smaller weight of the surface state in a vacuum region where the imaginary part of the screened Coulomb interaction, Im W, has a maximum amplitude. 34 For the particular case of the Cu͑111͒ surface on which the surface state at ⌫ has a very similar binding energy 34 of 0.445 eV, Cu Ϫ1 is smaller than Be
Ϫ1
by factor of 2 ͓if we do not take into account the d-screening effect for Cu͑111͔͒. Due to the Ā shallow surface state position in the middle of the gap this state forms a well-defined two-dimensional ͑2D͒ electron gas. For comparison with our Ϫ1 ϭ53 meV value we also calculated the decay rate of this surface state by using an asymptotic formula derived within the self-energy formalism for a 2D degenerate electron-gas model ͑DEGM͒. 39, 40 The 2D decay rate obtained for a binding energy of 0.415 eV is 2D Ϫ1 ϭ125 meV. This is substantially larger than our value of 53 meV. This difference is a direct reflection of the absence of the underlying bulk states in the 2D DEGM that strongly limits the screening of the electron-electron interaction. On the other hand, the evaluation of Ϫ1 in the 3D DEGM ͑Ref. 41͒ gives 3D Ϫ1 ϭ2 meV which is significantly smaller than our intraband contribution of 52 meV but slightly larger than the interband one. We attribute the first result to the absence of surface states in the 3D DEGM ͑assumes only 3D bulk transitions and neglects band-structure effects͒ whereas the latter is a direct consequence of the absence of a surface energy gap in the 3D DEGM.
VII. TEMPERATURE-DEPENDENT STUDY OF Ā SURFACE STATE: EXPERIMENT
Angle-resolved photoemission is a straightforward tool to measure lifetimes of two-dimensional electronic states. Under proper conditions the width obtained by angle-resolved photoemission from a valence-band state with negligible dispersion in k Ќ is equal to ប/. The contribution to the width comes from electron-electron, electron-phonon, and electronimpurity interactions. It has been shown that the electronphonon contribution to the width can be obtained from a temperature-dependent study of the width. 42 However it is not straightforward to separate the electron-electron and electron-impurity contributions. The electron-impurity contribution shows up in two ways: the first is the inherent contribution to the lifetime and the second is an artifact introduced by the E vs k ʈ dispersion. 42 If one works in the region where ‫ץ‬E/‫ץ‬k ʈ ϭ0, the artifact impurity contribution is zero to first order. Our experiments were performed on the shallow surface state at Ā where this condition is satisfied. To extract the electron-electron contribution, we compare the phonon contribution subtracted width to our model potential calculations.
The Ā shallow surface state spectra recorded at various temperatures are shown in the inset of Fig. 4 . The photon energy used was 21.2 eV and the energy and angular resolution were 35 meV and Ϯ0.4°, respectively. Figure 4 shows the width versus temperature obtained from these and other similar spectra. The electron-phonon contribution to the width and the residual width is obtained in the following way. The electron-phonon contribution to the lifetime at any temperature is given by the formula value. This result indicates that the e-ph contribution is not very sensitive to the dimensionality and phonon distribution function. The origin of this stability is that the Ā surface state energy lies well below the maximum phonon energy and that the phonon spectrum enters Eq. ͑1͒ in integral form. So, the 3D Debye model is not expected to be a significant source of error. Earlier studies of the temperature dependence of the width on the same surface state at a binding energy of 200 meV reported bϭ0.672Ϯ0.027 along the Ā -L direction, and bϭ0.642Ϯ0.031 along the Ā -⌫ direction. 20 Within the experimental error bars, the values of b are similar. In Ref. 20 a correction factor had to be applied to take care of the variation of k ʈ within the peak which makes the peaks appear broader by a factor ͓1Ϫ(‫ץ‬E/ ‫ץ‬k ʈ )(m/ប 2 )(sin 2 /k ʈ )͔ Ϫ1 , where m is the free-electron mass. Since the present study is done at a point where ‫ץ‬E/‫ץ‬k ʈ ϭ0, the correction factor need not be applied and quite clearly within error bars our results agree with it. Though this is a trivial theoretical result, it is interesting to see experimental proof for it. As mentioned above the calculations give the e-e contribution to be 53 meV for the surface state at Ā . Experimentally we obtain the phonon contribution ͑84 meV͒ removed width to be 51Ϯ8 meV which is similar to the theoretical value. One should however bear in mind that the experimentally determined width contains both the electronelectron and electron-impurity contributions and it is difficult to experimentally separate these two contributions. If we assume the impurity mean free path to be similar to that on Be͑0001͒ and noble-metal surfaces ͑about 50 Å), one would expect an impurity contribution of about 10-15 meV. So the experimental e-e contribution is expected to be around 40 meV which is smaller by ϳ20% than our theoretical result. There are two points that can explain this discrepancy. Our recent ab initio calculations show that the model potential evaluations give the inverse lifetime of a hole in the s-p z surface state to be 10% larger than first-principles calculations. 35, 44 On the other hand a model that we use to estimate the e-ph contribution is based on a simple bulk description of phonon modes ͑the Debye model͒ and electron states. Recent calculations for noble-metal surfaces ͑111͒ that take explicitly into account the surface phonon modes and accurate wave function of a surface state of interest give a slightly smaller ͑within 10%) e-ph contribution compared to the Debye model. 45 Therefore, one can expect that the more accurate description of e-ph Ϫ1 for the Ā shallow surface state will decrease the Debye model value of e-ph Ϫ1 and will increase, respectively, the experimental e-e Ϫ1 to better agreement with the theoretical value.
VIII. CONCLUSIONS
In conclusion we have presented the electronic band structure of the Be(101 0) surface experimentally determined by angle-resolved photoemission and calculated by using density-functional theory. The experimental results agree well with the calculations, except for the fact that we were able to resolve three surface states in the gap at L , instead of four as predicted by the calculations. From the temperaturedependent study of the Ā shallow surface state we determined phonon contribution subtracted width to be 51 Ϯ8 meV. This compares fairly well with the calculated contribution of 53 meV for the electron-electron interaction to the width.
